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ABSTRACT

Planning for the transportationof large amountsof
equipment,troops,andsuppliesis acomplex problem.Many
options,including modesof transportation,vehicles,facili-
ties, routes,andtiming, mustbe considered.The amountof
datainvolved in generatingandanalyzinga courseof action
(e.g., detailed information about military units, logistical
infrastructures,andvehicles)is enormous.Softwaretoolsare
critical in analyzing these plans.

ELIST (EnhancedLogisticsIntra-theaterSupportTool)
is a simulation-baseddecisionsupportsystemthat assists
military plannersin determiningthe logistical feasibility of
an intra-theatercourseof action.The scenariodatausedby
the ELIST simulationincludesthe units to be moved, their
requiredmovementsand activities, an infrastructuredata-
base,a vehicledatabase,anda setof simulationparameters
andconstraints.Analystscanusethe simulationto evaluate
the overall successof a plan (determinedby requireddeliv-
ery dates),aswell as to view detailedinformationon such
things as over- and under-utilized resources,infrastructure
bottlenecks,andindividual trips. The simulationcanbe run
for asmany daysasdesiredor stoppedat any time.Thestate
of all queuesandresources,andthelocationandactivitiesof
all entities,canbeexaminedusingmany optionsfor reports
and graphs.

The currentversionof ELIST (v.8) employs a discrete
event simulationdevelopedin Java. Java fulfills a primary
requirementfor multi-platform execution. In addition, the
object-orientedframework hasgreatly facilitatedentity and
process development within the simulation. This paper
describesthe problemdomainand the modelingapproach
taken, and presentsthe representationsused for entities,
events,facility resources,network links, and other objects.

The benefitsand problemsinvolved with developing and
executing the simulation in Java are discussed.

INTRODUCTION

ELIST (version7) hasbeensuccessfullyusedin themil-
itary logisticscommunityfor a numberof yearsto assistin
planninganalysesandtrainingexercises(Macalet al. 1995).
Ongoinguseof ELIST7 hasled to requestsfor moredetail,
morecapabilities,moreflexibility , andmorespeed.ELIST7
runsatafairly aggregatelevel, in which individual transports
arenotexplicitly modeled;insteadtransportationcapabilities
arerepresentedin short-ton-miles/day. ELIST7 is primarily
a C language tool and uses formatted files for input.

ELIST8 was conceived to model the transportationof
military cargo at the individual vehicle level, requiring a
muchmoredetailedsimulationthanin ELIST7.Thisversion
wasto moreeasily integratewith othermodelsandtools in
thefort-to-foxholelogisticalarena.It usestheOracleDBMS
for datapersistence(rather than flat files) and to facilitate
datasharingwith othermodels.In addition,thenew system
wasrequiredto run on multiple platforms,specificallyWin-
dows machinesand Sun workstations.Becausethe desired
changes,to the simulationin particular, wereso significant,
modifying the existing ELIST7 would not have beeneffica-
cious. ELIST8 is a completely new system.

We decidedto developthenew versionin Java for a few
reasons.First, Java easily provides the platform indepen-
dencewe required.Second,Java providesnative supportfor
a numberof requiredandpotentiallyusefulcapabilities.The
JDBC (Java DatabaseConnectivity toolkit) supportsmulti-
ple DBMSs.Graphicaluserinterface,networking andinter-
net, and multi-threading capabilities are all available. In
addition, we wanted the advantagesof an object-oriented
programminglanguage.Finally, the teamwas experienced
with otherobject-orientedlanguagesandwaseagerto try out
Java. We did have two concerns.First, we were concerned
thattheimmaturityof thelanguageandchangesin theongo-



ing developmentof Java itself might impactour effort. Sec-
ond, the executionspeedof this semi-interpretedlanguage
might hamperacceptanceof thesystem.We did assumethat
executionspeedwouldbeauniversalissueandwould leadto
fastervirtual machinesin time. Our findingson theseissues
are discussed later.

MODEL

ThemodelunderlyingtheELIST simulationis basedon
many discussionswith military logisticians.The simulation
is basedon their requirements,experiences,and observa-
tions.ELIST modelsthe intra-theatermovementsof person-
nel, equipment,andsuppliesby limited transportationassets
over a constrainedtransportationinfrastructure.Thepurpose
of thesystemis to aid theplannersin evaluatingthepotential
successof a theaterleg of a transportationplan, analyzing
vehicleandfacility requirementsfor agivenplan,andidenti-
fying possible bottlenecks in infrastructure or process.
Becauseusersoften require trade-offs betweenspeedand
accuracy, the model has been designedso that different
degreesof detailmay beappliedto differentportionsof the
scenariodata.The experiencedanalystthushaschoicesfor
focusingonspecificaspectsof theplanwhentime is limited.
Thesedetail/aggregationchoiceswill bediscussedin thefol-
lowing subsections.

Six modes of transportationare modeled in ELIST:
road, including line haul operations,rail, water, air (fixed-
wing), helicopter, andpipeline.(At this time air andpipeline
are not yet implementedin ELIST8.) ELIST can model
either the home theater or a foreign theater.

The main inputs to the model are:

• Unit data (the entities to be moved),
• Vehicle data,
• Transportation infrastructure data for the theater, and
• A set of model parameters.

Unit Data
Themilitary unitsandtheir requiredactivities originate

from the Time PhasedForce Deployment Data (TPFDD.)
This format is usedby the joint forcesto representdeploy-
mentplans.Additional datawereneededfor ELIST aswell

as for other models,so the ExpandedTPFDD (ETPFDD)
wasdeveloped.TheETPFDDcontainsanoperationalhierar-
chy, aswell asa compositionalhierarchy, of unit data.Each
unit maybecomposedof otherunitsaswell asquantitiesof
commodities.ELIST is primarily concernedwith the com-
modities,whicharetheentitiesto bemovedthroughthesim-
ulation.

Commoditiescan be representedat multiple levels of
aggregation.In Figure1, for example,theunit ULN 3AG9C
is composedof amountsof the following commodities:Per-
sonnel,Aircraft Tonnage,OversizedTonnage,andOutsized
Tonnage.At level 2, only aggregate weight is known (the
numbersshown aremeasurementtonsandshort tons.)The
OversizedTonnageis alsoshown at themoredetailedlevels
3 and4. At level 4, individual vehiclesor containersarerep-
resentedalong with their weights,lengths,widths, heights,
and areas.

Theanalystcanspecifythelevel of detailto bemodeled
eitherby individual units or for the entirescenario.Aggre-
gateunit componentsstartout assingleentities,but asthey
aretransportedthroughthesimulation,they canbesplit into
multiple smallerentities.Often the componentsaresplit so
they can fit on transports.Discrete entities, on the other
hand,mustfit dimensionallyontotheir transportsandcannot
be divided.

The setof commoditiesusedin a scenariois dynamic.
Eachcommodityis classifiedin oneof five commoditycate-
gories:PAX (personnel),POL (liquid fuel), RORO (Roll On
Roll Off equipment),Breakbulk, and Container. The com-
modity categoriesare usedthroughoutthe model to deter-
mine how the cargo can be loaded on and off transport
vehicles,how it shouldbe stored,and variousother activi-
ties. The actual commodity is usedto determinepossible
modes of transportation and to select vehicle types.

In addition to unit compositions,initial unit locations
and all subsequentmovementrequirementsare includedin
theETPFDD.Thesimulationis drivenby thescenariounits
andtheir movementrequirements.A movementrequirement
includesa destinationnodeanda requireddelivery time. A
mode of transportationmay also be specified. Possible
requirementshave beenexpandedfrom thosein theoriginal

Figure 1. Sample Compositional Unit Hierarchy



TPFDDto includeany numberof intermediateor follow-on
destinations,stagingandothertypesof delays,marryup and
assemblywith other entities, and transitionsinto vehicles
that in turn can be used as transportation assets.

A largesetof unitsmaybeinvolvedin activitiesall over
theworld, soELIST allows theanalystto selectthecountry
or countriesof interest.ELIST is anintra-theatermodel,and
does not focus on strategic (overseas)deployment. Only
thoseactivities in the theaterof interestwill be modeled.If
no other information is available,all units will start out as
availableandreadyto move at their first locationin thesce-
nario. Alternately, another(external) model can be usedto
generatestrategic arrivals of loadedshipsand aircraft into
the theater.

Vehicle Data
ELIST has data on every vehicle type that might be

used.The model usesinformation such as payload,cargo
areadimensions,curb weight, averagespeed,and average
on-load and off-load times.

ELIST usesa vehiclegroupingcalledan asset in order
to specifypreferencesof how to move specificcommodities.
An assetis asetof vehicletypesthatwill beusedin thesame
waysin theplan.Examplesarea setof similar heavy trucks
or a set of tanker railcars. Commodity-assetrules list (in
orderof preferencefor eachcommodity)theassetsthatmay
be usedto transportthat commodity. Conditionsbasedon
lateness and distance may be included in these rules.

A specific collection of vehiclesis definedfor a sce-
nario.Therearemultiple waysthat the analystmay choose
to representvehiclesin thesimulation.First,avehiclecanbe
modeledas fully tracked or as a capability asset. A fully
tracked vehicle is a discreteentity that makes loadedand
emptytrips andthatalwayshasa currentlocationin thenet-
work. A capabilityasset,on the otherhand,is a vehicle(or
setof vehicles)consideredto begenerallyavailable.Sucha
vehicleis only specificallymodeledwhenit is beingusedto
transportcargo. Whenits trip is finished,the vehicledesig-
natedasa capabilityassetgoesbackinto thepool,andit can
be used immediately in an entirely different location. No
empty vehicle trips are modeled for a capability asset.

Second,the locationswherevehiclescanbe usedmay
bespecifiedby settingupasset pools. Assetpoolsarecollec-
tion of vehiclesthat serve specificlocationswithin the the-
ater network. An assetpool can also be set up to serve all
locations.Line haul operationsmay be set up using asset
poolswith trailersthatcanserveonly two nodes.Assetpools
alsohave home nodes whereall fully tracked vehiclescon-
gregate when they are idle.

Last,theanalystmayspecifytime periodsduringwhich
vehicles are available. By default, an asset is available
throughoutthe scenario.However, specificintervals, initial
times, or final times can be entered.

Infrastructure Data
A theaterinfrastructureis requiredfor theareaof opera-

tions and must include all the nodes(i.e., ports, staging
areas,anddestinations)referencedin theETPFDD.Links —
roads, railways, waterways, and pipelines — connectthe
nodes.All nodeshave geographiccoordinatesfor mapping
anddistancecalculations.Infrastructureresourcesaremod-
eledin four mainwayswithin ELIST: asrateresources,gate
resources, capacity resources, or discrete resources.

A rateresourceis characterizedby its ability to process
a given amountof cargo in a given time; for example,the
capability to load containerson railcarsin containers/hour.
The resourcerepresentsthe men and equipmentinvolved.
The time consumedby anactivity usinga rateresourcewill
beat leastaslong astheamountbeingprocesseddividedby
therate.However, theactivity maytake longerthanthetime
dictated by one resource,as in the casewhere multiple
resources with different rate values are required.

A gateresourcealsorepresentsa capabilityspecifiedas
a rate. However, this type of resourcedoesnot have any
durationassociatedwith its use.Roadcapacities,for exam-
ple, are representedusing gate resources;somenumberof
vehicles may travel onto the road per hour.

A capacityresourceis a nonconsumableresourcethat is
usedin somefraction of the whole for the durationof an
activity. Its use,however, hasno impacton theactivity dura-
tion. An example is storage area at a port.

Someequipmentis representeddiscretely. Cranesat a
berth, for example,are acquiredfor a ship loading activity
and released when the activity is complete.

Themainnodetypesmodeledareseaports,airports,and
intersections.Thebasicnode,anintersection,canrepresenta
stagingarea,a rail terminal,or any kind of intersectionof
links. At this type of node,trucks,railcars,andhelicopters
canbe on- andoff-loaded.Capabilitiesfor loadingcargo to
and from vehiclesareall modeledas rate resources.These
capabilitiesarebroken into threeparts:infrastructure,MHE
(Materials Handling Equipment), and personnel. This
approach gives analysts flexibility in storing the static
aspectsof a terminal,suchasrampanddockcapability, sep-
arately from more dynamic capabilitiessuch as personnel
and equipment.From thesevalues,a rate resourceis con-
structedfor the simulationthat hasa capability that is the
minimumof thethreecomponents.Attributesfor POL,con-
tainers,breakbulk cargo, and RORO cargo loading for rail



Figure 2. Sample Unit History

and road vehicles are all represented.Basic nodes also
includeresourcesfor storageareasfor differentcargo types,
as well as other resources.

Seaportshave all the dataassociatedwith an intersec-
tion node,plusthedatafor shipberthingandloading.Berths
arerepresentedasseparateentitieswith their own attributes
and resources,which include physical dimensions,number
and typesof cranesat the berth,andRORO andPOL load
capabilities.Someresources,suchaspersonnel,areconsid-
ered to be port-wide, others are assigned to a single berth.

In order to collect or deliver cargo at a seaport,a ship
must first be berthedat an appropriatelength of dock. If
needed,cranesareassignedto the ship.Offload takesplace
in fixedtime intervals,with asmuchcargooff-loadedaspos-
sible in that time (e.g.,1 hour). In this way, aggregatecargo
can be divided, off-loaded,and moved forward in a timely
manner, rather than off-loaded in large quantitiesbefore
moving forward.On-loadingshipsdoesnot requirethis arti-
ficial parameterbecausethecargo waiting on theship is not
being held back — when the ship is fully loaded,it will
embark.

Aircraft parking areasat Airports are explicitly mod-
eled.Only a limited numberof aircraftcanbeprocessedat a
time becauseof tarmacarealimitations.All aircraft loading
resources can operate anywhere within the airport.

The primary attributes of infrastructurelinks that are
usedby thesimulationarelength,rateof march,andrateof
entry. Limited link capacityis modeledby the rateat which
vehiclescanstartonto the link (rateof entry.) Roadandrail
links canalsobe limited in the sizeandweight of vehicles
that may traverse them.

Scenario Parameters
Theanalystcanspecifya numberof optionsandparam-

etersto direct and tune the simulation;a few examplesare
given.The simulationcanenforcethe modeof travel speci-
fied in theETPFDD,or it canselecta modeon thebasisof
thesituation.Themaximumamountof time to wait for addi-
tional cargo andthepercentageof capacitypreferredprior to
departurecanbespecifiedfor variousvehicletypes.Theana-
lyst can decidewhetherthe storageareaat a nodeshould
constrainmovementor the cargo shouldbe allowed to sim-
ply overflow. Thepreferrednumberof railcarsin a train can
be input, and the analystcan decidewhethertrucks must
travel in serials(groupsof vehicles).Scenarioparametersare
stored in the database as are all other ELIST data.

SIMULATION

The simulation is driven by discreteevents. Initially
scheduledevents are: unit availability, ship arrivals, and
plane arrivals. Theseevents all have participant lists that
contain unit componententities. Whenever an activity is
completed,the newly idle unit componentslook in their
requiredactivity lists andcreateandschedulenew activities
as appropriate.

Unit componentskeepdetailedhistoriesof eachcom-
pletedactivity aswell astime spentqueuing,andthis infor-
mation is available to the analyst.Figure 2 shows sample
historiesof two componentsof ULN 30GB from the move-
mentsreport.Thefirst element,14 personnel,becameavail-
ableto move on day2 at 0:00andwaitedin two queues(for
two assetpools) for the assetBuses.At 8:33, a bus was
acquired,a trip was scheduled,and on-loadingbegan. At
9:03,thebuswasreadyto depart.It wasrequiredto travel in
a serial, which was immediately available. The people
arrivedat their destinationat18:36andoff-loaded.They had



no othermovementrequirements.Thebottomsectionshows
the activities of 207.3 short tons of oversized tonnage.

Activity Objects
Activities areimplementedasobjectsin Java,eachwith

an “execute” method. Some activities can be considered
compoundactivities and are representedas a single object
with multiple states.A trip with anasset,for example,actu-
ally consistsof a fixed series of subactivities — cargo
onload,travel, nodeentry or parking,andcargo offload —
with theasset,route,andparticipantdataremainingthesame
throughout.Differentmethodsareexecutedon the basisof
the state of the trip.

Planninga trip is alsoa scheduledactivity. This activity
consumesno time (except for queuetime) but is required
whenever travel occurs.Planninga trip occursin a trip ini-
tialization event; this event’s main function is acquiring
transportvehicles.It also verifies that a route exists. If a
movementdoesnot have a requiredmode,and more than
onemodeis indeedpossiblefor the movement,this activity
selectsthe trip mode.If appropriateassetsare immediately
available, the highestpreferenceasset/modefor the com-
modity typeis selected.Otherwise,theactivity waitsuntil at
leastonevehicleis available,thencommitsto that mode.If
noassetexiststhatcancarrythecargo,or norouteexists,the
cargo will go into an error queue.

The subclasscapabilityand interfaceconstructof Java
werefoundto beveryeffective in implementingthedifferent
activitiesof thesimulation.Thissuccessis primarily because
therearemany similaritiesamongthetransportactivities for
differentmodes,differentcargo types,trips with or without
cargo, and trips with or without assets.Figure3 shows the
classificationhierarchy of someactivities to show the level
of inheritance.

Event and Asset Managers
An event managerobject handlesthe schedulingand

executionof events.Eventsgenerateprioritiesonthebasisof
their participants’ requireddelivery times. The simulation
canbe run to a specifictime or run andstoppedasdesired.
An assetmanagerobjectoverseestheallocationof assetsto
activities. Vehiclesarechosenon the basisof the commod-
ity-assetpreferencerules,specificcargo dimensions,current
locationof the cargo andthe vehicle(if it is fully tracked),
andserviceareaof the vehicle’s assetpool. Whenan asset
vehiclecompletesa trip, andthereis a queuefor theasset,it
is either assignedimmediatelyif it is neededat its current
location,or theassetmanagersendsit to the locationof the
highestpriority event in the queue.If thereis no queue,the
asset is sent to its home node.

RESULTS

Many reportingoptionsareavailable to assistthe ana-
lyst in evaluatingthe successof a plan, identifying bottle-
necks,and analyzingassetusage.Plan successdependson
the on-time arrival of all units at their final destinations.
Summaryarrival resultscanbeviewedin total shorttonsfor
the entirescenarioor by cargo type or destination.Figure4
shows thetotal numberof shorttonsrequiredto bedelivered
to all destinationsover time,theamountdeliveredin thesim-
ulation,andtheshorttons(of thosedelivered)thatwerealso
required at the time.

A queryfacility allows groupsof units to be specified
on thebasisof name,location,delivery, andmany otherfac-
tors. Thesegroupsor individuals can then be reportedand
graphed.For example,all unitstraveling to acertaindestina-
tion or all units not yet arrived could be reported.

Usage-over-timedataaresavedfor all network andasset
resourcesand all queues.The user interface allows easy
selection(for reporting) from among all queues,destina-
tions, seaportsandairports,road links, routes,assets,asset
pools,etc.Figure5 shows a samplegraphof the amountof
cargo (in truck loads)waiting in the queuefor Heavy Mili-

Figure 3. Partial Activity Hierarchy
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tary Trucks.It is apparentthat,althoughtherewasa backup
of cargo waiting for this type of truck, the backupwasnot
persistentthroughoutthe scenario.Note that someof the
cargo waiting for Heavy Military Trucksmay actuallyhave
beenmoved by other assets.Other graphsare available to
view the actual usage of each asset.

CONCLUSIONS

The ELIST8 simulationis a critical pieceof an exten-
sive systemthat includesimport, export, visual editing,and
error checkingof vehicle data,assetand commoditydata,
network data,ETPFDDdata,andscenarioparameters.Map-
ping andquerycapabilitiesare includedandcontinueto be
enhanced.Simulation resultscan be saved to “projection”
tablesin the database.Thesetablesare accessibleto other
tools to allow simulation and animationof an entire plan
from U.S.basesto forwardlocationsin aforeigntheater. The
capabilitiesprovided by this expandingcollection of tools
will assistmilitary logisticianswith both their datamanage-
mentandanalysistasks.By providing greatereaseandspeed
for modifying and analyzingthe plans, thesetools enable
more “what if” scenariosto be examinedand facilitate the
logistical planning process.

The overall feeling of the teamtoward Java hasbeen
positive,but therehave beenproblems.We have not founda
developmentenvironmentthatsatisfieseveryone.Thefavor-
ite seemsto beVisualAgefor Java(IBM). It hasmany useful
featuresthat facilitatedevelopment,a goodvisualdebugger,
and handlesthe scaleof our system(over 680 classesnot
includingthird party).However, its method-basededitors(as
opposedto file-based)are not always desirable,especially
whenworking with userinterfaceclasses.Also, VisualAge
for Java is availableonWindowsNT but notSunSolaris,our
main developmentplatform. The file-basedJava environ-
mentForte(SunMicrosystems)alsoworkswell on thePC.It
is availablefor SolarisandWindowsplatforms,andit is free.

We ran into numerouscompile or path errors, and were
unableto getour systemrunningwith JBuilder(free,Foun-
dation version from Borland/Inprise.)

The immaturityof Java hasled to time spenton “work-
a-rounds,” especiallyin relationto the Swing userinterface
classes.The Bug Paradeat the Java DeveloperConnection
site(http://developer.java.sun.com/index.html) hasbeenben-
eficial in identifying Java problemsand solutions,and the
work-a-roundshave not consumeda significantportion of
the development time.

Speedof executioncontinuesto bea concern.It is easy
to measurebut difficult to quantifybecauseof thelargenum-
ber of variablesassociatedwith the size of a scenario:the
numberof items being moved, the numberof movements
beingmade,how constrainedthenetwork andassetsare,etc.
However, as an illustration, a scenariowith 717 units and
approximately140,000 short tons of men, supplies,and
equipment,all moving to an averageof onedestinationand
using threemodes(road, rail and water) was simulatedin
slightly morethan6 minuteson a SunUltra 10 workstation
using JDK1.2. This is a relatively small scenario.Future
work will involve thoroughly exploring the speed issue.
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